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Context: A growing number of children are participating in
organized sport activities, resulting in a concomitant increase in
lower extremity injuries. Little is known about the impact
generated when children are running or how this impact is
attenuated in child runners.

Objective: To describe shock attenuation characteristics for
children running at different speeds on a treadmill and at a
single speed over ground.

Design: Prospective cohort study.

Setting: Biomechanics laboratory.

Patients or Other Participants: Eleven boys (age = 10.5 +
0.9 years, height = 143.7 = 8.3 cm, mass = 39.4 = 10.9 kg)
and 7 girls (age = 9.9 = 1.1 years, height = 136.2 = 7.7 cm,
mass = 35.1 = 9.6 kg) participated.

Intervention(s): Participants completed 4 running condi-
tions, including 3 treadmill (TM) running speeds (preferred, fast
[0.5 m/s more than preferred], and slow [0.5 m/s less than
preferred]) and 1 overground (OG) running speed.

Main Outcome Measure(s): We measured leg peak impact
acceleration (LgPk), head peak impact acceleration (HdPk), and
shock attenuation (ratio of LgPk to HdPk).

Results: Shock attenuation (F16 = 4.80, P = .01) was
influenced by the interaction of speed and sex. Shock
attenuation increased across speeds (slow, preferred, fast)
for boys (P < .05) but not for girls (P > .05). Both LgPk (F 16
= 5.04, P = .04) and HdPk (F; s = 6.04, P = .03) were
different across speeds, and both were greater for girls than
for boys. None of the dependent variables were influenced by
the interaction of setting (TM, OG) and sex (P = .05). Shock
attenuation (F; 16 = 33.51, P < .001) and LgPk (Fi 16 =
31.54, P < .001) were different between TM and OG, and
each was greater when running OG than on the TM,
regardless of sex.

Conclusions: Shock attenuation was between 66% and
76% for children running under a variety of conditions. Girls had
greater peak impact accelerations at the leg and head levels
than boys but achieved similar shock attenuation. We do not
know how these shock attenuation characteristics are related to
overuse injuries.

Key Words: boy and girl runners, impact, lower extremity
injuries

Key Points

Children attenuated different amounts of shock while running on a treadmill and over ground.

Leg and head peak impact accelerations were greater in girls than in boys.

Boys and girls achieved similar shock attenuation levels under various running conditions.

We do not know the mechanism for shock attenuation in child runners.

When developing rehabilitation programs for children, the practitioner should consider that shock attenuation varies
across running speeds and between treadmill and overground running.

games and sport activities, including soccer,

football, basketball, and tennis, in which a growing
number of boys and girls are now participating at a young age.
Stanitski! estimated that 50% of all boys and 25% of all girls
aged 8 to 16 years in the United States participate in some form
of organized, competitive sport. Marsh and Daigneault?
estimated that 45 million children participate in organized
sports programs each year. DiFiori3 reported that many of the
children between the ages of 5 and 17 years who participate in
organized athletic programs train and compete on a year-
round basis, often specializing in a single sport. The increasing
number of children participating in organized sports has
produced a concomitant increase in the number of injuries they
experience,* ranging from overuse injuries’ to fractures.6.7

Running is a primary component of many organized

A wealth of research8-10 on how the repetitive loading
nature of running is linked to overuse injuries exists, and
this research focuses on the adult runner. Given that
children may also develop overuse injuries, much like
adults, when they participate in running activities that
require endurance and repetitive stresses,!1.12 it is impor-
tant to understand the impact characteristics of a child
running.

Shock attenuation is a measure used to understand
impact characteristics because it represents the process of
reducing the impact that results from the collision between
the foot and ground during running.13-19 Shock attenua-
tion is accomplished by passive structures (eg, bone)
absorbing impact energy and by active movements, such
as knee and hip flexion during impact. For adult runners,
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shock attenuation is affected by running speed,!3.14 stride
length (SL),15-17 and fatigue,!8.19 for example. To date,
however, no one has described shock attenuation in boy
and girl runners, despite recommendations in the litera-
ture20 to seek this type of information in an attempt to
understand injuries to children. Therefore, the purpose of
our study was to document shock attenuation for boys and
girls while they were running at different speeds on a
treadmill (TM) and at a single speed over ground (OG).
Our intent was to establish a broad baseline description of
shock attenuation for children.

METHODS

Participants

Eleven boys (age = 10.5 £ 0.9 years, height = 143.7 =
8.3 cm, mass = 39.4 = 10.9 kg) and 7 girls (age = 9.9 =
1.1 years, height = 136.2 = 7.7 cm, mass = 35.1 = 9.6 kg)
participated. All children were given instructions and time
to practice running both on a TM and OG in the
laboratory until they were comfortable with the activities.
During this phase of the test, participants were encouraged
to walk and run at different speeds. Participants were only
included in the study if they could demonstrate comfort-
able gait patterns on the TM while not holding onto the
rails. Participants completed all running conditions while
wearing their own shoes.

All participants gave assent to participate, and their
parents provided written consent. The study was approved
by the institutional review board at the affiliated university.

Instrumentation

After practice, children were instrumented with 2
lightweight uniaxial piezoelectric accelerometers (1000 Hz;
PCB Piezotronics Inc, Depew, NY), following procedures
used for adult runners.13.17.18 One accelerometer was
mounted on a piece of balsa wood, aligned vertically on
the distal anterior portion of the tibia, and secured snugly
with stretchable bandage tape. The second accelerometer
was attached to a headpiece, aligned vertically on the
frontal portion of the child’s forehead, and tightly secured
around the child’s head. Accelerometers were interfaced
through a type 9865B 8-channel amplifier (Kistler Instru-
ment Corp, Amherst, NY) to a data acquisition system
using Bioware software (version 3.21; Kistler Instrument
Corp). We used minimal instrumentation (2 accelerome-
ters) and opted not to include motion capture instrumen-
tation because its inclusion would increase the participant
set-up and collection time and because we believed keeping
collection time short was important when working with
children.

Procedures

The participants completed 4 running conditions. The
first 3 conditions were performed on a TM (model C966;
Precor Inc, Woodinville, WA) and consisted of different
running speeds based upon a preferred speed. A TM was
used because most research on shock attenuation in adults
has involved a TM and we wanted to follow that research
model. We also used a TM because we could collect
information on consecutive strides.

Before instrumenting a participant with the accelerom-
eters, we determined the preferred speed by having him or
her run on the TM. When comfortable, the participant was
instructed to select a speed that he or she felt could be
maintained for a 15-minute run. The tester (K.B. or
JM.A.) adjusted TM speed based upon participant
feedback, with the TM speed display concealed from the
participant’s view. After a 2-minute to 5-minute period of
speed adjustments, the final speed the participant selected
was recorded. This procedure was repeated 3 times, and the
preferred speed was calculated as the average of these 3
speeds.

After the preferred speed was identified, the participant
was instrumented with the accelerometers. The first
condition completed was at the preferred speed. The
second condition completed was at a fast speed, which
was 0.5 m/s greater than the preferred speed. The third
condition completed was at a slow speed, which was 0.5 m/
s less than the preferred speed. During each TM condition,
the child ran for approximately 2 minutes at the given
speed, with accelerometer data obtained for 45 seconds
during the second minute of running. The fourth running
condition (OG) was performed over a 20-m tile runway.
Two infrared photocells were used to monitor running
speed over the 3-m central portion of the runway. Children
were instructed to run at the same speed as their previously
determined preferred speed. A trial was accepted if their
OG speed was within =5% of the preferred speed recorded
from their TM running. Ten acceptable OG running trials
were obtained from each child runner. Rest was provided
between trials (and conditions) as needed.

Data Analysis

Ten right-stance phase trials per participant-condition
were identified and evaluated from both the TM and OG
running conditions. Evaluation of the stance phase
included recording the leg peak impact acceleration
(LgPk) value and the head peak impact acceleration
(HdPk) value during the support phase of running. With
these data we computed shock attenuation, using the
following formula:

Shock attenuation=[1 —(HdPk/LgPk)] x 100 (1)

Using this formula, when impact accelerations are similar
at the head and leg levels, shock attenuation will have a
low value, indicating that little impact has been attenu-
ated. In contrast, when the impact acceleration at the leg
level is large compared with the impact acceleration at the
head level, shock attenuation will be large, indicating that
more impact has been attenuated.

Stride length was computed for each trial by identifying
the time at which LgPk occurred between consecutive
right-side foot strikes. The inverse of this time represents
stride frequency (SF). Knowing SF and running velocity,
SL was calculated using the following formula: Velocity =
SF X SL.

A statistical power analysis was conducted a priori for
the dependent variable of shock attenuation, using
exploratory child data obtained previously in our labora-
tory. The assumption of equal variances was embraced.
Using the observed common SD of 1.5 between partici-
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Table.

Descriptive Data (Mean = SD) by Sex, Speed, and Setting Conditions for Shock Attenuation, Leg Peak Impact Accelerations, Head

Peak Impact Accelerations, and Stride Length While Running at Different Speeds on the Treadmill and a Single Speed Over Ground

Shock Leg Peak Impact Head Peak Impact
Condition Sex Speed, m/s Attenuation,a % Accelerations,b g Accelerations,b g Stride Length,b.c m
Slow treadmill Girls 1.68 = 0.45 741 = 101 5.38 = 1.62 1.24 + 0.33 1.09 = 0.28
Boys 2.18 = 0.31 66.6 = 8.8 345 +1.25 1.02 £ 0.22 1.50 = 0.16
Preferred treadmill Girls 2.11 = 0.45 69.9 = 9.1 571 = 2.28 1.57 = 0.54 1.33 = 0.26
Boys 2.67 = 0.30 71.7 £ 6.9 4.09 = 1.31 1.07 £ 0.21 1.58 £ 0.23
Fast treadmill Girls 2.54 = 0.51 76.2 + 9.3 7.48 = 3.07 1.58 + 0.44 1.56 = 0.27
Boys 3.18 = 0.30 73.5 + 6.6 5.5683 = 1.77 1.32 £ 0.22 1.60 + 0.37
Preferred overground Girls 2.29 £ 0.40 81.7 £ 6.1 8.78 £ 2.82 1.46 = 0.43 1.48 = 0.29
Boys 2.71 = 0.30 81.1 = 5.1 551 = 1.71 0.98 = 0.29 1.69 = 0.25

@ Shock attenuation was not different between sexes, although girls had greater leg peak impact accelerations and head peak impact accelerations

values than boys.
P Different between sexes (P < .05).

° Different between sexes at slow and preferred treadmill speeds (P < .05) and tendency to be shorter for girls than boys during overground versus

treadmill (P = .08).

pants, a desired statistical power of 90%, and a
nondirectional hypothesis, we calculated that 9.8 partic-
ipants would be needed for each group. We made another
calculation in which the common SD was increased to
1.75 with a desired statistical power of 75%. This resulted
in a sample size of 8.9. Based upon these calculations, we
determined that 9 participants per group would provide
statistical power at a minimum of 75% power. Our sample
size for one group (girls) fell below this criterion (n = 7) as
a result of instrumentation malfunction, whereas our
other group (boys) exceeded this sample size criterion (n =
11).

The main dependent variable was shock attenuation.
Because shock attenuation is determined by the ratio of
LgPk to HAPk, these measures were also analyzed
individually. Finally, we also analyzed SL because this is
a basic kinematic descriptor of gait and has been
shown!3.17 to provide insight into the mechanism of shock
attenuation in adult runners.

Each dependent variable (shock attenuation, LgPk,
HdPk, SL) was examined using 2 analyses: (1) 2-way (sex
by speed) mixed-model analyses of variance (ANOVAs)
using data collected during the TM conditions only and (2)
2-way (sex by setting) repeated-measures ANOVAs for the
matched-speed (preferred) running conditions to address
possible sex and running setting (TM, OG) effects. All
statistical tests were conducted using Statistical Analysis
Software (version 8.2; SAS Institute Inc, Cary, NC) with
the o level set at .05. We planned a priori to compare
dependent variables at each speed between boys and girls
and between speeds for boys and for girls using Scheffé
post hoc 7 testing. When interactions were present, either
dependent or independent ¢ tests (based on whether the
comparison was within or between subjects) were used to
identify the source of the interaction.

RESULTS

A part of the experiment consisted of matching preferred
running speed on the TM and OG. We found no
differences in the preferred speed used during TM and
OG for either sex (Fy6 = 3.38, P = .8). However, the
preferred speed was faster for boys (TM = 2.69 = 0.31 m/s,
OG = 2.71 = 0.30 m/s) than for girls (TM = 2.11 £ 0.45 m/
s, OG = 2.29 = 0.40 m/s) (Fy 15 = 9.65, P = .007) (Table).

Speed by Sex

The mean and SD data for each dependent variable are
presented in the Table. Shock attenuation was influenced by
the interaction of speed and sex (F ;s = 4.80, P = .01).
Using post hoc testing, we determined that shock attenua-
tion was not different between girls and boys for any of the
speed conditions (P > .05). We also determined that shock
attenuation increased about 10% for each meter per second
increase in speed for boys (P < .05). However, for girls,
shock attenuation was not different between the slow and
preferred speeds (P > .05) but was about 9% greater during
the fast than during the preferred speed (P < .05).

We observed that neither HdPk (56 = 2.05, P = .15) nor
LgPk (F5,16 = 0.18, P = .84) was influenced by the interaction
of speed and sex. Both HdPk (£, = 9.39, P < .001) and
LgPk (F5,16 = 18.77, P < .001) were influenced by the main
effect for speed. They also were influenced by the main effect
for sex; both HdPk (F ;6 = 6.04, P = .03) and LgPk (F 16 =
5.04, P = .04) were greater for girls than for boys.

Stride length was influenced by the interaction of speed
and sex (F5,16 = 6.28, P = .005). Using post hoc testing, we
determined that SL was 38% shorter for girls than boys at
the slow speed (#14 = 3.98, P = .001) and 19% shorter for
girls than boys during the preferred speed (¢14 = 2.09, P =
.05), but SL was not different between sexes at the fast
speed (216 = 0.25, P = .8).

Setting by Sex

Shock attenuation (F; 16 = 0.044, P = .52), HdPk (F} 16
= 0.01, P = 91), LgPk (F) 16 = 4.35, P = .05), and SL
(Fia6 = 0.58, P = .46) were not influenced by the
interaction of setting and sex. Shock attenuation (F} 16 =
33.51, P < .001), LgPk (Fy 16 = 31.54, P < .001), and SL
(F1.16 = 26.42, P < .001) were each influenced by the main
effect for setting; each was greater when running OG than
when running on a TM, regardless of sex. Furthermore,
regardless of setting, girls had a greater HdPk (F) 6 =
10.45, P = .005) and LgPk (£, 16 = 7.86, P = .01) than
boys and tended to use a shorter SL (£} 1 = 3.52, P = .08).

DISCUSSION

The main purpose of our study was to describe shock
attenuation characteristics for children running, because
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little is known about how children accommodate impact.
To this end, we designed an experiment so we could
describe shock attenuation characteristics for children
(boys and girls) running at different speeds on a TM and
at a single speed OG. The importance of shock attenuation
is becoming better understood as it relates to injury
resulting from impacts in both running and landing
activities. How the body transmits and absorbs these
impacts is part of shoe design, activity-related surface
materials, and other factors designed to reduce athletic
injury. Shoes generally are not manufactured similarly for
adults and children. Information about how children
attenuate shock may lead to more appropriate shoe design
for children, which may result in diminished overuse
injuries in children.

We are not aware of any shock attenuation data for
children running in the literature with which to compare
our results; Dufek et al?! reported LgPk and HdPk for girls
running but did not report on shock attenuation. However,
the body of research on shock attenuation for adults
running is robust and growing. For adult runners, shock
attenuation typically ranges from about 80% to 90%,
whereas typical peak impact accelerations range from
around 2.0 to 11.3g at the leg and from 1.1 to 2.2g at the
head.13.15.17.18 In our study, the magnitude of shock
attenuation tended to be lower for child runners (about
66%—76%) compared with published adult running data
despite LgPk (3.3-10.5¢) and HdPk (0.9-2.0g) ranges that
were comparable with adult running data.13.15.17.18 These
results are similar to those for child runners2! (n = 11 girls,
9.2 £ 1.9 years) who exhibited peak impact accelerations
from about 4.9 to 6.1g at the leg and from 1.2 to 1.4g at the
head level. Comparing the results to those of adults is
complicated, because the variability of impact accelerations
may be greater for children than adults2! and because
shock attenuation and LgPk are influenced by a variety of
factors, including the primary factors of running speed and
SL.13,17 Our participants ran at preferred speeds ranging
from 1.76 to 3.20 m/s and used SLs ranging from 1.0 to
2.1 m/stride. These values are lower than reported data
from adult runners. For example, investigators of 2
studies!3.17 in which the relationship among shock atten-
uation, SL, and speed were investigated had participants
run at speeds ranging from 3.2 to 6.4 m/s and from 3.3 to
4.4 m/s, with SL ranging from 3.40 to 3.68 m/stride and
from 2.35 to 3.08 m/stride, respectively. Although our
shock attenuation data for children seem to have lower
values than data for adults, it is not clear if this is simply a
result of slower speed or if differences exist in mechanisms
for attenuating shock between children and adults. For
example, we know that running economy is less optimal for
child runners compared with adult runners22 and that
children run differently than adults,21.23.24 and it may be
that these movement differences may lead to different
mechanisms of shock attenuation and possibly to differing
injury mechanisms. Future research is needed to quantify
the magnitude and to discern the importance of a lower
shock attenuation in children versus adults. Additionally, it
would be interesting to determine if shock attenuation is
different between child recreational and child competitive
athletes and if the injury rate in each group is related to the
level of competition. Unfortunately, our experiment did
not provide insight into this relationship, because our

intent was to describe shock attenuation in children
running. This baseline information will help future
researchers determine some recommendations regarding
injury prevention in children in high-intensity training
programs.

In describing shock attenuation characteristics for
children running, we believed that examining possible
differences between sexes was important, because contem-
porary researchers25.26 have documented differences in
lower extremity injury rates between men and women. We
used 2 basic experiments to address this question. In the
first experiment, participants ran on a TM at different
speeds, whereas in the second experiment, participants ran
OG at the same preferred speed that was used on the TM.
From these experiments, we determined that shock
attenuation was not influenced by sex, although the girls
demonstrated greater LgPk and HdPk values compared
with the boys. Providing any directional hypotheses
regarding the injury rates or differences between boys
and girls is difficult at this time, because it is not clear why
girls had greater impact accelerations than boys while
running at the preferred speed. Given that the girls’
preferred running speed was about 20% slower than the
boys’ preferred running speed and that the girls used a 19%
shorter SL than the boys at the preferred speed, the girls’
impacts (LgPk and HdPk) would be expected to be lower
than the boys’ impacts.13.17 Because this was not the case,
something other than speed and SL influenced the impact
accelerations while running at the preferred speed. A
possible explanation is that during running, the effective
mass of girls was less than that of boys. Effective mass is
used to represent the portion of a segmented or nonrigid
body that is accelerated at a particular time. For example,
when a person taps his or her finger on a table, the effective
mass is the mass of the finger (or some portion thereof)
versus the mass of the entire body, because only the finger
is being accelerated. Similarly, during running, the effective
mass being accelerated during the impact phase is some
portion of the lower extremity. Derrick et al27 demonstrat-
ed that impact accelerations were influenced by the
effective mass being accelerated. Therefore, for a given
force, as effective mass is reduced, acceleration increases.
Effective mass of a runner can be influenced by running
style. A greater understanding of effective mass might lead
us to an understanding of injury potential in child and
adult athletes. We were not able to discern if the effective
mass was different between boys and girls in our study.
However, running technique for boys and girls may have
differed in such a way that effective mass was lower for
girls. An alternative explanation is that the effective mass
was influenced by anthropometric differences between
groups. In our study, basic anthropometric measurements
were different; the girl runners were on average younger
(0.6 years) and shorter (7.5 cm) and had less mass (5.3 kg)
than the boy runners. Further research is needed to
determine if LgPk and HdPk differences were a result of
running technique (eg, different knee flexion angle at
contact between sexes) relative to physical maturation and
skill. This could lead to a much greater understanding of
the factor or factors leading to the avoidance of injury in
running in both children and adults.

Our description of shock attenuation also included
analyzing shock attenuation across speeds. We determined
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that shock attenuation increased as running speed
increased for boys but not for girls. For boys, shock
attenuation increased about 10% from slow to fast speeds,
which was comparable to the change in speed. For girls, the
shock attenuation achieved at the slow speed was not
different from that achieved at the preferred speed, whereas
shock attenuation was about 9% greater at the fast speed
than at the preferred speed. Inspection of the components
of shock attenuation led us to determine that LgPk and
HdPk increased across speeds for both sexes; however,
LgPk values were about 32% greater for girls than for boys
at each speed, whereas HdPk values were about 25%
greater for girls than for boys. The influence of speed on
shock attenuation could not be accounted for by an
analysis of SL. We do not know if the breakdown in the
relationship between speed and shock attenuation is related
to sex or if the relationship does not exist at slow running
speeds. Further research is needed to explore the relation-
ship between speed and shock attenuation for children
running at faster speeds, as well as for adults running at
slow speeds. This type of research should help investigators
understand the risk of overuse injuries at different speeds
by helping them understand the repetitive stresses realized
at different speeds.

To determine the clinical relevance of differences in
shock attenuation between individuals or groups (eg, boys
versus girls, children versus adults), researchers could
investigate this measure in injured and noninjured runners,
for example. Our research should help to establish baseline
measurements of shock attenuation in child runners.

Our final approach to describing shock attenuation
characteristics for children running involved having chil-
dren run on a TM and OG. By having children run at the
same speed on a TM and OG, we determined that shock
attenuation was greater during running OG than on a TM,
regardless of sex. Furthermore, our inquiry relative to
setting (TM, OGQG) effects determined that LgPk was greater
during OG running than TM running across sexes. This
result may simply reflect the function of the TM, which was
a commercial-grade TM and constructed to attenuate
impact to the runner. Nevertheless, another explanation for
the differences is that participants ran differently during
TM and OG conditions, given that participants used an
~6% longer SL during OG than TM, despite running at
the same speed. The practitioner should be aware that
impact characteristics and stride measures (eg, SL) are
different when running on a TM than OG.

Limitations

Working with child participants is inherently different
from working with adult participants; children are not
miniature adults, and they run differently than
adults.21.23.24 Furthermore, in general, child participants
have less running experience than adults. The experiment
was planned to provide sufficient instruction and familiar-
ization time for all participants, and children tended to
pick up the task of running on a treadmill quickly.
Nevertheless, the children’s running experience level is a
limitation, and we believe this may influence the magnitude
of between-subjects and within-subjects variability of the
self-selected running speed. We used this approach rather
than setting specific target speeds per condition to avoid a

situation in which children were running faster or slower
than they may have wanted or were running faster than
they were capable. The difference in speeds among
participants (and among groups) likely resulted in increas-
ing the variability of the dependent variables. Furthermore,
it is not clear how much variability was introduced by
having children run OG over a short distance. Another
limitation of the study was that we did not control for the
model of running shoe worn by children. For this study, we
believed it was important to allow children to run in
footwear with which they were accustomed instead of
having them adapt to a new model of shoe. Future research
is needed on how children’s shoes (which may or may not
be designed similar to adult shoes) influence impact
characteristics.

Despite these limitations, our initial observations with
this population revealed that children attenuated different
amounts of shock while running on a TM and OG and that
girls had greater LgPk and HdPk than boys, although girls
ran more slowly and with shorter SLs. Despite these
greater peak impact accelerations, girls achieved similar
shock attenuation levels compared with boys under a
variety of running conditions using shorter SLs. Unfortu-
nately, we do not know the specific mechanism behind
shock attenuation in child runners. For example, we do not
know if passive structures (eg, bone) absorbed similar or
differential impact energy among groups or conditions or if
shock attenuation was accomplished primarily through
active movements, such as knee and hip flexion. Never-
theless, taken together, it appears girls were exposed to
greater and more frequent impact accelerations than boys.
A possible explanation for these observations is that girls
tended to run in a way that the effective mass was less than
that of boys. Future research is needed to determine if these
observations are contributing factors to overuse injuries.
Finally, because shock attenuation did vary across speeds
and between TM and OG running, the practitioner should
take this into consideration when developing a rehabilita-
tion program for children.
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